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I. SUMMARY

This report summarizes the work accomplished during the period from
June 27, 1964, to December 31, 1965, on the analysis of the storage
problems anticipated in maintaining cryogenic fluids on the surface of
the moon in a liquid phase for an extended period of time.

A. PURPOSE

The primary objectives of this program were: (1) to develop a
method for predicting the thermal condition of a storage vessel and its
cryogenic contents during exposure to the lunar environment for extended
periods and (2) to quantitatively predict the expected boil~off losses.
Particular emphasis was placed on identifying the radiation interchange
with the lunar surface in terms of the observed lunar surface photometric
properties and on comparing these results with the radiation from a
surface obeying Lambert's cosine law.

B. APPROACH

The approach used in meeting the objectives of the program has been
to summarize the available evidence on (1) the lunar environment
(including the nature of the lunar atmosphere), (2) the postulated
genesis of the lunar surface layer by the micrometeoroid impacts and
solar radiation, and (3) the properties—-thermal and photometric--of
the lunar surface layer which significantly affect the heat exchange of
a cryogenic vessel with the lunar surface. The effects of shadows cast
on the lunar surface by the storage vessel and the radiation received by
the vessel from nearby lunar terrain were established. Design concepts
for the cryogenic vessel structural supports and the performance of
multilayer insulations were summarized and a design for a model cryogenic
vessel was selected to serve as a basis for the heat analysis calculations.

The relationships governing the heat exchange of the vessel with the
lunar surface were derived and methods established to permit evaluation
of the magnitude of the heat transferred to the tank and the resultant
cryogenic liquid boil-off losses,

C. SIGNIFICANCE OF THE PROGRAM

The significance of the results of this program includes the
development of analytical procedures for obtaining the boil-off losses
from a cryogenic vessel stored on the lunar surface by taking into
account the interaction of the vessel with the lunar surface characterized
by the available observational evidence. The results indicate that the
magnitude of the total radiant heat flux incident upon the outer shroud
of the cryogenic storage vessel is so large, compared to the flux due to
sunlight reflected from the lunar surface, that the departure of the
photometric function from Lambert's law is of slight importance.

Jrthur D Little Inc.




II. INTRODUCTION

Following the initial manned lunar landing, there will be a period
of intensive lunar surface exploration. To accomplish the objectives
of lunar exploration missions, astronauts will have to be able to stay
on the moon for extended periods of time. Therefore, systems to
provide shelter and mobility for these astronauts are now under con-
sideration. Design studies of shelters and roving vehicles have
indicated that long-term storage of cryogenic fluids, particularly
liquid hydrogen, will be essential to the success of projected missions.
Cryogenic vessels to be transported to the moon will have to be designed
so that they can withstand the various forces acting upon them during
launch, space flight, and lunar landing; and store the cryogenic fluids
with minimum boil-off losses when exposed to the lunar environment.

To analyze the storage problems anticipated in maintaining cryo-
genic fluids on the surface of the moon in a liquid phase for an extended
period of time, the thermal interactions between the storage vessel and
the lunar surface have to be determined. To assess as realistically
as possible the extent of this interaction, the properties and character-
istics of the lunar surface have to be postulated, a design for the cryo-
genic storage vessel has to be chosen, and the heat inputs to the vessel
during a lunation have to be established. Of particular interest is
the contribution of the radiation reflected by the lunar surface to the
total heat exchange with the cryogenic storage vessel.

In the following sections, the lunar surface characteristics of
importance to cryogenic storage are examined; tank supports, the per-
formance of highly effective thermal insulations, and the treatment
of piping penetrations to reduce performance degradation are discussed;
analyses of the heat exchange and the computation of environment heat
fluxes are presented; and the expected boil-off rate for a specific
cryogenic tank design is estimated.
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ITII. EFFECTS OF THE LUNAR ENVIRONMENT

The cryogenic storage vessel will be exposed to the lunar environ-
ment. Although there are divergent views on the nature of this
environment, considerable evidence has been obtained so that the
significant aspects——such as an atmosphere of extremely low pressure,
effects of micrometeoroid impact and solar radiation, and the resulting
thermal and photometric properties of the lunar surface materials—-
can be postulated.

A. THE LUNAR ATMOSPHERE

Optical and radiotelescope observations have established an upper
limit of the density of the lunar atmosphere and, by inference, possible
atmospheric constituents. Dollfus (1956) estimated, from measurements
of the polarization of sunlight of the lunar atmosghere, that the
maximum lunar atmospheric density is less than 1077 of the terrestrial
atmospheric density. Costain et al (1955) measured the diffraction of
radiowaves by the lunar atmosphere from the occultation of radiostars
by the moon. On the basis of this measurement, the lunar atmospheric
density was estimated to be about 100 electrons per cubic centimeter.
This electron density corresponds to a density of about 10~6 molecules
per cubic centimeter, or only about 10~13 of the terrestrial density.
Actual pressures on the lunar surface have not yet been verified
experimentally, but on the basis of available evidence, the pressure
of the lunar atmosphere at the surface is assumed to be no higher than
10713 terrestrial atmosphere (10‘10 torr).

Although the lunar atmosphere in general has a very low pressure,
local emanations of gases have been observed (Green, 1965), particularly
in the region of the craters Alphonsus and Aristarchus, which indicates
the possibility of a localized transient lunar atmosphere at a slightly
higher than average pressure. Furthermore, spectroscopic observations
of lunar craters have indicated radiation from H atoms and C, molecules
which may be attributed to volcanic activity (Urey, 1961).

In addition to this possible evidence, other transient constituents
of the lunar atmosphere may be residual amounts of radiogenic krypton,
xenon, argon, radon, and helium which are being generated within the
interior of the moon (Opik and Singer, 1960), plus trace amounts of xenon,
helium, neon, and argon which may be produced by cosmic ray bombardment
of the surface (Opik, 1962). Gases, liquids, and solids--that is,
inert gases, alkalis, the halogens, boron, sulfer, and water--may have
been released from the interior of the moon by igneous activity (either
past or present) (Green, 1965). If indeed, water vapor has been an
important constituent of the defluidization of the moon, ice may have
been formed in shadowed crater areas and may be slowly vaporizing (Watson
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et al, 1961). The lunar atmosphere will also be enriched by gases
released during the impact of meteoroids, subsequent vaporization of

the impacting material, and the discharge of any occluded gases within
the surface material.

The rapid escape of most of the gases of the transient atmosphere
on the lunar surface is assured by the low lunar escape velocity (Opik
and Singer, 1960). The composition of any transient lunar atmosphere
will depend largely on the production rate of the various gases by the
different processes mentioned previously. Although the composition of
the atmosphere will be complex and changing, the major constituents are
probably water, carbon dioxide, and hydrogen.

The absence of any significant lunar atmosphere will shape and
control the characteristics of the lunar surface material. Because
the moon lacks an atmosphere, its uppermost surface layer is largely
determined by the space enviromment to which it is exposed.

B. GENESIS OF POSTULATED LUNAR SURFACES

1. Micrometeoroid Impacts

The lunar surface 1s continually bombarded by high-velocity micro-
meteoroids. This bombardment is expected to cause comminution of
exposed materials and consequent erosion of the moon's surface features
(Salisbury and Smalley, 1964). Most of the energy in low-velocity
meteoroid impact is expended as shock waves which pulverize the target
material and eject a portion of the debris to form a crater in the
surface. In the higher-velocity impacts, volatilization at the impact
site also contributes significantly to the loss of material. The
conversion of kinetic energy to thermal energy is great enough so
that the material remains in the molecular form and does not condense
on expansion.

Bjork's (1961) calculations of the mass of the projectile that
produced Meteor Crater Arigona, indicate ejecta-mass-to-projectile-mass
ratios of approximately 10° at a meteoroid velocity of 11 km/sec and
103-4 at a velocity of 72 km/sec. On the basis of this evidence, an
ejecta-mass~to-projectile-mass ratio of 103 can be assumed for meteoroid
impacts on a solid surface at the median velocity of 15-20 km/sec
suggested for lunar meteoroids by Whipple (1961). At these velocities,
Gault (1963) estimated, on the basis of laboratory experiments, that
a very small percentage of the ejecta, amounting to 3-5 times the
infall mass, will escape from the moon; and a similar percentage
will be vaporized or melted.

If hypervelocity impacts occur on small targets--that is, if the
diameter of the impacting particle is greater than about 0.3 times
the thickness of the target particles--scabbing or spalling is an
important source of fragmentation (Salisbury and Glaser, 1964). It
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has also been hypothesized that the large amount of energy put into a
porous, fine-grade target material during hypervelocity impact may be
sufficient to cause welding or sintering of the powder (Sytinskaya,
1959). Thus, the lunar surface could be covered with partially fused
particles. These particles may be rounded droplets of fused materials,
irregular shards or grains of shattered materials, and whisker-like
crystals of condensed material with a size assumed to be in the 1-10
micron range (Whipple, 1963). Larger, but less frequent, micrometeoroid
impacts would disturb the surface more deeply, perhaps turn some of

it over, and bury some of the fine materials at various depths, thus
creating a rubble layer.

2. Solar Radiation

Important components of radiation from the sun are nonionizing
ultraviolet light, solar x-rays, solar wind, and solar flares. The
Xx-rays are soft and of low intensities. The solar wind consists of
a continuous but varying stream of electrons, protons, and heavier
particles; protons with energies in the range of 4 Kev may have a flux
of 108 particles/cm2 sec. Solar flares, which occur with differing
frequencies over the ll-year sunspot cycle, have particles with
energies up to 30 Mev; the integrated intensity will generally be about
104 particles/cm2 sec (NASA, 1963). The lunar surface may be partially
shielded from the solar wind by the lunar magnetic field (Aranowitz
and Milford, 1963). However, the lack of data on the magnitude of the
magnetic field has led to the assumption that the more energetic
particles in the solar wind reach the lunar surface.

In addition to changing the physical and chemical structure of the
surface materials, the bombardment by electrons, protons, and heavier
particles will lead to the removal of adsorbed monolayers of different
gases and create chemically active sites. The resulting clean surfaces
may contribute to the consolidation of small particles present on the
; surface, Radiation sintering of lunar dust has also been advanced as
a consolidating mechanism on the lunar surface (Smoluchowski, 1965).

The basic mechanism that can produce adhesion depends on dispersion
forces (van der Waals), chemical bonds, mechanical forces, and electro-
static forces.

The tendency for fine particles of most materials to agglomerate and
stick to container walls is a common experience (Meissner et al, 1964).
In such cases, the force of attraction is generally considered to be a
dispersion force of the London-van der Waals type.

In the related field of sliding friction, it is generally accepted
that the cohesive strength of a material is developed over the real
area of contact; that i1s, chemical bonds are formed across the contact
interface. The average force between chemical bonds is of the order
of a hundred times greater than van der Waals forces at equilibrium
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internuclear separations. However, chemical forces decrease exponentially
with distance and can be effective only for regions that are in intimate
contact.

In contrast to chemical bonding, van der Waals forces dominate the
adhesion at separations greater than several atomic radii. The rela-
tive contribution of chemical bonds to van der Waals adhesion forces
will depend on the normal load. For heavy loads, many areas of
contact are formed, resulting in the domination of strong chemical
bonds. For light loads, as well as for all surfaces not able to form
bonds, the adhesion force will be determined by the amount of material
within reach of the long-range van der Waals forces, since the real
area of contact will be quite small.

If the lunar surface has been subjected to gas contamination from
the moon's interior, adsorption of gases on particle surfaces may have
taken place. Physically adsorbed gas layers will have been removed
rapidly at the low pressures on the lunar surface. Chemisorbed layers,
although not completely removed by the action of vacuum alone, would
have been removed by the action of solar radiation on exposed particle
surfaces. In the absence of any contaminating gas sources, any fresh
surfaces generated by mechanical action (e.g., micrometeoroid impacts)
would have remained clean. The topography (i.e., microscopic peaks and
valleys) of particle surfaces generated by mechanical action will deter-
mine the magnitude of adhesion forces. Surface roughness combined with
the presence of submicron particles at contact points will reduce adhesion
between particles.

Experimental data indicate that the high vacuum can substantially
increase the coefficient of friction, by creating microstrains, and,
possibly, forming chemical bonds across the contact area (Glaser, 1964).
The high friction will tend to make a falling particle stick at its
first contact, resist shearing forces that would produce denser packing,
and thus contribute to the formation of complex and intricate structures
covering all exposed lumar surfaces. If electrostatic forces are
present, electrostatic attraction may determine where a particle lands
and thus assist in covering the undersides of overhangs or cavities
(Salisbury et al, 1964).

3. Electrostatic Effects

The absence of an atmosphere may be responsible for gross electri-
fication greatly exceeding that which normally could be maintained in
an atmosphere; in addition, charge mosaics, normally dissipated by
mobility of surface charges, may be established and maintained. The
existence of such electrostatic charges has been demonstrated experi-
mentally (Salisbury et al, 1964, and Glaser, 1964). The hazards of
dust particles have been recognized, and several mechanisms for
generating this charge have been suggested. Grannis (1961), Walker
(1962), and Coffman (1963) derived theoretical expressions for the
random charge fluctuations to be expected as a result of local statis-
tical variations in the flux of solar electrons and protons and secondary
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photoelectrons resulting from ultraviolet radiation. The removal of
electrons from silicates by ultraviolet radiation could raise the
lunar surface potential to several tenths of volts, relative to the
surrounding space, by the escape of high-energy photoelectrons; but
those electrons which did not have enough energy to escape from the
neighborhood of the moon might form a region of increased electron
density just above the surface (Singer and Walker, 1962).

The electrostatic behavior of lunar dust may have several important
effects. For instance, the presence of electrostatic attraction
between particles of opposite charge may assist in deposition of loose
particles on exposed surfaces. Also, particles caused by the counter-
acting forces of gravitational attraction and electrostatic repulsion
may be levitated and moved horizontally. Estimates of the height of
a cloud of such particles vary: less than 100 microns (Gehrels, 1964),
fractions of a centimeter (Grannis, 1961), several centimeters (Singer
and Walker, 1962). However, such a cloud of particles would not
exhibit the observed photometric properties requiring the presence of
horizontal and vertical sharp-edged barriers (Halajian, 1965).

C. PROPERTIES OF THE LUNAR SURFACE LAYER

1. Thermal Properties

The presence of a complex, intricately structured surface layer
has been indicated by the photometric measurements and recent radar
radiometric measurements which show that the surface material has a
dielectric constant of the order of 1.8 to 2.0 (Hagfors et al, 1965).

This layer is responsible for the sharp lunar surface temperature
changes during a lunar month which have been measured by infrared and
microwave methods. Infrared temperature-measuring techniques, using
cryogenically cooled photoconductive detectors (Shorthill and Saari,
1963, and Low, 1965), have indicated temperatures ranging from 80°K to
390 K. This temperature data has been used for theoretical studies of
the heat balance of the lunar surface (Krotikov and Shchuko, 1963, and
Ingrao_ et al, 1965). The thermal parameter of the surface layer,
(kpc)~1/2 (where k is the thermal conductivity, p the density, ¢ the
specific heat), can be determined from the temperature measurement
during a lunation.

Typical values of the thermal parameter range from 1200 to 400
cm? secl/2 °C/cal representing a low-density, loosely structured material
down to a sintered structure of relatively high compressive strength. The
thermal parameter for fine evacuated powders, of the order of 3000, is
much higher than that of postulated lunar surface materials. It is
more likely that the lunar surface is composed of small particles which
have been lightly sintered together, so that the contribution of solid
conduction across particle contacts leads to an increase in thermal

conductivity to correspond to the above range of thermal parameters.
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Table III-I summarizes the results of thermal conductivity measure-
ments of postulated lunar surface Earticulate materials, vesicular foams,
and rocks at pressures down to 10710 (Glaser et al, 1965).

The observed changes in surface temperatures (Low, 1965) indicate
that the surface materials may have characteristics corresponding to a
loose, lightly sintered structure or a vesicular low-density foam.

2. Photometric Properties

The unique manner in which light is reflected by the surface of the
moon has prompted many investigators to carry out photometric measure-
ments of the moon. According to the measurements:

. The moon reflects sunlight towards the earth so that the
intensity reaches a sharp maximum at or near full moon.

. The variation of brightness of a region is almost exclusively
a function of the lunar phase angle and independent of the
location on the lunar sphere or of the type of terrain.

. The albedo is low over most areas of the lunar surface.

These measurements indicate that the physical arrangement of the
lunar surface material is different than that of terrestrial surfaces,
most of which scatter light in accordance with Lambert's law.

a. Albedo

The results of measurements of the lunar albedo have been covered in
the reviews of Barabashov (1962), Baldwin (1962), and Fessenkov (1962).

The face of the full moon appears to be of nearly uniform brightness
and its average albedo in the visual spectral range (0.4 to 0.7u) is
0.073. However, there are areas on the moon's surface which have some-
what lower values of albedo and others which have considerably higher
values, The extent of these variations is shown below (Barabashov, 1962).

Lunar Feature Albedo
Sinus Medii 0.054
Mare Serenitatis 0.070
Mare Imbrium 0.074
Mare Nectaris 0.080
Ptolemaeus 0.108
Aristoteles 0.110
Copernicus 0.120
Tycho 0.137
Tycho, rays 0.163
10
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The maria and ancient 'lands" have, in general, low values of albedo
while the rims of the most recent craters and the "rays" have the highest
values.

In the visible range the moon appears to be very nearly a grey body
except for some slight variations in hue from faintly reddish to greenish.
On the whole, the albedo tends to increase slightly from the blue to the
red and it probably continues to rise in the infrared. This can be in-
ferred from the measurements of Pettit and Nicholson (1930) on the radiant
emittance of the moon. For these measurements, the investigators separated
the sun's reflected radiation from the total radiation of the moon by means
of a water filter in front of their thermocouple. The filter passed ra-
diation in the visible range and cut off effectively all infrared radia-
tion beyond 1.4p. The fraction of radiation reflected in the visible
range, including near infrared, to 1l.4u appeared to be about 0.155 for
the central region of the lunar disc. Therefore, the infrared albedo
of the moon must be greater than this average value.

The polarization measurements carried out by Dollfus (1952) have
narrowed down the number of theoretical models which had been proposed
to explain the lunar reflection behavior. These measurements indicate
that the lunar surface polarizes the sunlight, that the reflection is
characteristic of objects of the order of the sizes of wavelengths of
light, and that materials such as volcanic ash can reproduce the lunar
polarization measurements.

b. Photometric Function

The values of albedo as reported without other qualifications refer
to the full moon observed from the earth. In this special case, the
angle of incidence and the angle of observation (equal to the angle of
reflection) are always equal. In the more general case of an object
receiving radiation in the close vicinity of the lunar surface, the
albedo is found to depend on the angle of incidence (i), the angle of
reflection (@), and azimuth angle (8). The dependence of the radiation
I =I(i, ¢, 8) is the photometric function. The lunar albedo follows a
photometric function which departs drastically from the commonly known
functions, in particular from Lambert's cosine law.

A photometric function which appears to conform very closely with
the observed photometric properties of the lunar surface has been de-
rived by Hapke (1963). Hapke's function is given by the following
expression:

. 2 1 sin 8 + (-8) cos 6 .
I 8) = ds dw = B (9,g).
(t, #, & I, ds 3r ° 1 + cos f/cos 1 pd 6.8)

Here, I denotes the amount of diffusely reflected radiation received by
an element of surface, ds, viewing a solid angle, dw, of the lunar surface

illuminated by the incident radiation of intensity,,lo-

12
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@ is the angle of reflection referred to the normal.
8 is the angle between the directions of incidence and reflection.
0 is the diffuse reflectivity of the particles constituting the

lunar surface.

g 1is a dimensionless "compaction parameter" related to the packing
density of the particles (g o~ 0.6 to 0.8).

B(®,g) is the "backscattering function",

. —E —E
tan 9) .3 -e

B(8,8) = 2 &%éﬁ(l -

for e = %

n

and B(8,g) =1 for @ = %.

The backscatter function results physically from shadowing of radiation
entering into a loosely packed particulate surface when viewed at angles
deviating from the directions other than that of the incident beam.

There are numerous assumptions made in the derivation of Hapke's function,
which have been justified by the agreement of the computed photometric
functions with the experimental data.

To reconcile the different hypotheses which have been advanced to
explain the remarkable lunar backscattering, Hapke and Van Horn (1963)
carried out measurements which disclosed that materials which scattered
light like the moon had a complex porous structure with a random arrange-
ment of objects, large compared with wavelengths of visible light and
low reflectivity, and arranged in an open network into which light from
any direction can penetrate freely. These objects are located so that
the structure on a microscopic scale appears to be an isotropic and homo-
geneous material. This structure would also be in accord with the postu-
lated genesis of the lunar surface and the thermal properties of such a
material. By reproducing the lunar backscattering behavior using hard,
highly porous "macro rough" volcanic cinders, scoriae, and slags, Halajian
(1965) has shown that the photometric function of a surface depends
primarily on the geometry of its elements, not on the actual size of those
elements.

In an attempt to simulate the affects of the solar wind on the photo-
metric properties, Hapke (1965) used two kilovolt hydrogen ions to bombard
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a wide variety of material. He found that proton irradiation of fine
rock particles changed their photometric properties so that they more
closely resembled lunar characteristics. Furthermore, in determinations
of the photometric properties, the composition of irradiated rock powders
did not seem to be critical. Because the albedos of all irradiated rock
powders appeared to be about 5%, which is less than the albedo of even
the darkest portion of the lunar surface, other processes may be operat-
ing on the moon to counteract the darkening process. Chief among these
are the stirring by micrometeoroid bombardment to expose new material.
Variations in the albedo may not only be due to the material composition
but also to the geometry of the material. The structure of the lunar
surface may be responsible for changes in absorptivity at different
angles of solar incidence (Polgar and Howell, 1965).

c. Emittance

The emittance of the lunar surface has been the subject of considerable
conjecture. Recent measurements by Markov and Khokhlova (1965) indicated
a variation of emittance ranging from 0.62 for the continents to 0.83 for
the maria areas at wavelengths of 3.6 and 8-14 microns. The uncertainties
in the assumption of a grey body, even though the observations indicated
approximately equal brightness temperatures in the two wavelength regions
used, introduced considerable uncertainty in the results. The measure-
ments of the emittance of terrestrial rocks (Lyon and Burns, 1964, and
Van Tassel and Simon, 1964) indicated variations from 0.65 to 0.93. Be-
cause of the lack of reliable data on the lunar surface emittance and
its directional properties, several investigators have assumed that the
lunar surface emittance approaches that of a black body (Jaeger, 1953,
Krotikov and Shchuko, 1963).

D. [EFFECTS OF THE LUNAR ENVIRONMENT ON A CRYOGENIC STORAGE VESSEL

1. Changes in Alpha/Epsilon Ratio Caused by Deposition of Particles

The surface of a cryogenic-liquid storage vessel on the lunar surface
could be covered by a layer of particles ejected from the lunar surface
by micrometeoroid impacts. The estimates of the rate of accretion of
such a layer on any object on the lunar surface are quite uncertain
(McCracken and Dubin, 1964). The depth of the particle layer accumulated
over a one-year period will be assumed to be in a range between 1¢ and
10744, The effect of such a thin, uniform layer of fine particles de-
posited on the surface of a diffusely reflecting material upon its re-
flectivity is examined below.

Reflectivity of a plane surface covered with a homogeneous layer of
a scattering material characterized by a scattering coefficient s may be
calculated, according to Kubelka (1948 and 1954) by the following formula:
1—Ro (a-b coth bsx)
= a+b coth bsx - Ro ’
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where R, is the diffuse reflectivity of the material before it has been
covered, x is the depth of the scattering layer, a = 1/2 (R;1 + Rs)’ and
b=1/2 (R;1 - Ry). R, is the diffuse reflectivity of the scattering
material measured in an infinitely deep layer,

The quantity which is as yet undetermined is the scattering coeffi-
cient, s, of the particle layer because the physical parameters of the
layer (e.g., particle size, the optical constants, and the volume packing
fraction) are unknown. However, to evaluate experimental data of Henry (1948)
using the Kubelka theory we may estimate the magnitude of the coefficients.
Henry has measured the spectral transmittance of powder layers comsisting
of particles of known size and optical constants (quartz and zinc sulfide)
deposited in known thickness on a transparent (rocksalt) substrate. By
using Kubelka's formula for transmittance of a scattering layer,

b
asinh bsx + bcosh bsx °?

we may calculate the values of s (or sx) from the measured values of T.
The scattering is usually large (i.e., the argument bsx >> 1), in which
case, the formula simplifies to

T = 2b(a+b)_1 exp (-bsx)

and sx + b1 1n [2b(asb) L 771

].

The value of a (and b) is obtained from the diffuse reflectivity,
Ry, of lunar dust material in an infinitely deep layer. If we take for
this quantity a lunar albedo figure of, say, 0.15, we obtain

a =3.41, b = 3.26.

Henry's measurements show that in the spectral range from the visible
red to about 3 microns, in which the quartz particles act only as scat-
terers (their absorption coefficient being nearly zero), the scattering
is so great that even for partial coverage (e.g., a 2.3 micron layer
"depth" of 6.6 micron particle size) the transmission seldom exceeds a
value of 10 per cent. 1In general, transmission is very low at short
wavelengths and it becomes significant only in the vicinity of the re-
strahlen bands of quartz by the action of the Christiansen filter effect.

We have compiled below some of the transmittance data of quartz dust
layers from figures 2 to 4 of Henry (1948).

15
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Transmittance of a Layer of Quartz Particles Deposited on
Rocksalt Plates

Particle Size Layer Depth T(at 0.81) T(at 24)

1.0u 1.1 0.03 0.20
6.0 0 Q.01

9.6 0 0

12.6 0 0
6.6u 2.3 0.12 0.07
3.4 0.03 0.02

6.2 0.01 0

14.8 0 0
15.5u 4.1 0.08 0.05
6.7 0.03 0.02
14.9 0.01 0.01

The values of sx corresponding to the values of Transmittance T, calcu-
lated by the simplified formula given above are listed below.

I _SX_
0.01 1.40
0.02 1.19
0.03 1.07
0.05 0.91
0.08 0.77
0.12 0.65

As a numerical example consider a cryogenic storage vessel provided
with a themmal control coating having an initial value of diffuse re-
flectivity R = 0.75 which collects (after some as yet uncertain time)

a layer of quartz-like particles of 1 micron average size, 1.1 micron
deep. Then, from the above compilations sx will have a value 1.07 at
0.8 micron wavelength. The reflectivity of the particle-covered surface
will then be R = 0,15, If we assume that the emissivity of the vessel
surface does not change and that o =~ 1-R, the alpha/epsilon ratio of
the vessel surface will increase by more than a factor of 3, leading to
a considerable increase in surface temperature.

These considerations indicate that the effects of particle deposits
may adversely influence the performance of the cryogenic storage vessel.
However, Kubelka's formulas are derived from a continuum theory and may
not be strictly applicable to discontinuous layers such as represented
by loose dust particles only partly covering the surface. Moreover,
the effect of the particle deposits on the emissivity of the vessel sur-
face would also have to be known.
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2. Changes in Surface Properties by Micrometeoroid Impacts

In addition to the possibility of the surface deposition of
particles, erosion by micrometeoroids would alter the surface optical
properties. The damage by micrometeoroids to the vessel surface may
be caused by perforation, partial penetration resulting in the forma-
tion of a deep crater or removal of surface material and formation of
shallow craters. 1In considering only micrometeoroid impacts cratering
phenomena leading to erosion will be the most likely occurrence with
perforations of the material having a much lower probability.

Studies of micrometeoroid erosion on aluminum have indicated
that the percentage of the cratered area to the total surface area
is about 35% during a six-month exposure of an aluminum surface (Merrill
1965) . Bombardment by tungsten microparticles with a velocity of about
1.5 km/sec. indicated that a 100% change in aluminum emittance occurred
over the cratered surfaces. In another study (Mirtich and Mark 1965)
silicon carbide micron sized particles were used to bombard polished
aluminum and aluminum coated Mylar. The reflectance was reduced to
about 50% after bombardment in the visible range and to about 75% of
the original value between 10 and 15 microns. The reflectance of the
aluminum coated Mylar was reduced uniformly to about 55% up to wave-
lengths of 15 microns. For micrometeoroids of about 1079 grams the
reflectance of a polished aluminum surface has been estimated to drop
to half of the original value in about three years, while for particles
of 10711 grams the damage time would be reduced to about seven months
(Mirtich and Mark 1965). Because of the lack of specific data of the
effect of micrometeoroid erosion on surface vessel coating, a range of
afe ratios has to be considered in determining the boil-off rate of
the cryogenic fluids.

3. Low Pressure Environment

The ambient low pressure to which the cryogenic storage vessel
will be exposed on the lunar surface will be most helpful in maintain-
ing the cryogenic fluid within the vessel for extended periods. Through
careful design of the thermal insulation the contributions of gas con-
duction to heat transfer to the cryogenic fluid can be most effectively
reduced. Any residual gases or products of outgassing can be vented

to the lunar atmosphere assuring the efficient operation of the insulation.

4. Interaction Between the Storage Vessel and the Lunar Surface

The radiation interchange between the surface of the cryogenic
storage vessel and the lunar surface for the postulated photometric
properties is treated in detail in Section V. By assuming that the
lunar surface emittance approaches that of a black body a conservative
design approach for the cryogenic storage vessel can be followed. As
more specific data on the emittance of the lunmar surface is obtained
the analyses described in Section V can be modified to take into account
specific emittance properties.

17
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IV. CRYOGENIC STORAGE VESSEL DESIGN CONCEPTS

The general function of any cryogenic-liquid storage system is to
contain and conserve the stored liquid until such time as it is withdrawn
and used. The cryogenic storage vessels to supply lunar roving vehicles
and shelters must serve this general function. Containment of liquid
hydrogen presents no serious problem. However, the conservation of the
cryogenic fluid for extended periods in a simulated lunar environment
with minimum boil-off loss has yet to be demonstrated. The low temperature
of the stored fluid relative to the environmental temperatures causes a
heat flow to the fluid and a subsequent loss. Thus, to conserve the fluid
the net heat inflow from the outer boundary to the stored cryogenic fluid
must be limited.

In any real system, there are many paths through which heat may be
transferred to the stored fluid. The principal one, of course, is the
surface of the vessel; this surface must be isolated from the enviromment
by a thermal insulation. Others include the structural supports and
piping which interrupt the insulation at several points and conduct heat
to localized areas of the vessel surface. The pipes will also radiate
heat from their warm ends through their interiors to the stored fluid
unless the openings are appropriately baffled. The heat leaks resulting
from each source and the heat-source interactions can be estimated using
analytical techniques and experimental data now available.

The thermal insulation and design concepts appropriate for a cryogenic
storage vessel for use on the lunar surface are discussed in the following
sections. A specific design for such a vessel forms the basis for the
analysis of the heat exchange of this vessel with the lunar environment.

A. THERMAL PROTECTION SYSTEMS

1. Multilayer Insulations

In recent years, a large variety of multilayer insulations and appro-
priate analytical techniques to predict their performances have been
developed (Timmerhaus, 1958-1965). Table IV-I lists physical properties
of typical multilayer insulations which hold promise for application to
cryogenic storage vessels.

The heat flux into the cryogenic vessel is influenced by the effects
of variables such as:

+  warm-boundary temperature,

* compression applied to the insulation during installation
and during operation,

* type of gas and gas pressure inside the insulation,

* insulation thickness,
19
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* radiation shield emittance,
outgassing,

venting requirements, and

* material stability.

Figures IV-1, 2, and 3 show the heat flux for a typical multilayer
insulation as a function of warm~boundary temperature, gas pressure, and
applied compression for a cold boundary temperature of about 21°K.

The thermal conductivity of multilayer insulations for a given set
of operating conditions has been shown to be (Little, 1963):

* proportional to the fourth power of the warm-boundary
temperature;

* nearly independent of the cold-boundary temperature if the
cold-boundary temperature is low compared to the warm-
boundary temperature;

. directlZ proportional to the gas pressure if it is below
1 x 104 torr--for pressures above 1 x 104 torr quality
of a multilayer insulation deteriorates rapidly--and,

* approximately proportional to the 2/3 power of the compressive
load applied to the insulation.

To meet specific requirements, a wide variety of multilayer applica-
tion techniques have been developed. Among the various methods for
installations of multilayer insulations are:

* prefabricated blankets made of several radiation shields
and spacers preshaped to the contour of the container and

placed directly on the tank.

+ multilayer insulations shaped and assembled layer-by-layer
directly on the tank surface.

° narrow (1 to 3 inches wide) continuous strips of radiation
shield and spacer material wrapped on the tank and covering
the surface of the tank with a desired number of layers; and

*+ shingle-type radiation shields and spacers.

2. Types of Thermal Protection Systems

In terrestrial applications, multilayer insulations can be enclosed
inside a vacuum-tight outer pressure vessel. In a cryogenic vessel

21
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transportable by a space vehicle, the penalty of a heavy outer pressure
shell would be prohibitive; therefore, a multilayer insulation must be
designed so that it can operate in the different environments acting upon
it prior to launch, during boost, in space, during a lunar landing, and
during storage on the lunar surface. Considerable work has already been
carried out to devise systems which can perform adequately in these dif-
ferent environments. Among these systems are pre-evacuated multilayer
insulations using lightweight flexible jacket insulations (Perkins et al.,
1964), buckling metal jackets (Leonhard, 1965), a metal jacket with two
different series of corrugations perpendicular to each other and regularly
spaced in both directions (Gazocean, 1964), and space evacuated systems
relying on pumping through seams and edges to the ambient low pressure
environment.

As gases boil off from the cryogenic liquid, they have a significant
refrigeration potential with respect to the temperatures of the environ-
ment and the insulation system. This refrigeration can be used by allowing
the boil-off gases to cool the vessel supports, liquid or gas lines, or
one or more radiation shields placed in the insulation between the cold
wall of the liquid container and the outer warm shroud. A cooled shield
can be used to intercept a portion of the heat passing through the insula-
tion and transfer this heat to the vent gas, which will then rise in tem-
perature. The amount of heat thus removed will be proportional to the
amount of gas being vented, the specific heat of the gas, and the tempera-
ture rise of the gas.

The location of the cooled shield and the magnitude of the reduction
of the boil-off have been investigated in a powder insulated liquid
hydrogen vessel (Scott, 1959). The improvement in insulating effective-
ness obtained with a cooled shield has been extended by analysing the
performance of multiple vapor-cooled shields. Paivanos, et al (1965)
have analyzed the improvement theoretically obtainable through the use
of an infinite number of vapor-cooled shields where every radiation shield
is made to serve also as a vapor-cooled shield. With vapor cooling, the
boil-off rate of hydrogen can be reduced to 0.19 of the value that would
be obtained without vapor cooling.

An analysis of the position of a single cooled shield in a multilayer
insulation indicated that the optimum shield location would be within
20 per cent of the insulation thickness from the cold surface (Moore,
1965). The thermal effectiveness is not sensitive to the location of
the shield within from 5 to 60 per cent of the insulation thickness.
For the optimum shield locations, the boil-off rate of hydrogen can be
reduced as much as 0.26 of the value without a shield.
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B. STRUCTURAL SUPPORTS

The requirements for supports of the cryogenic vessel will be dif-
ferent for each phase of a specific mission. From earth launch to lunar
landing, at intermittent intervals the vessel will experience three-axis
accelerations and vibration. The container supports for these condi-
tions will have to be of greater strength and therefore more massive
than the supports required during storage on the lunar surface, where
the container will experience a gravity force 1/6 that of earth gravity.
To minimize heat leaks, it may be desirable to alter the supports to
suit the various load conditions, and various material choices and design
approaches can be considered to achieve this objective.

1. Materials

Thermal conductivity, tensile strength, and modulus of elasticity
are the most significant properties in the design of a support system.
A number of candidate structural materials are presented in Table IV-II
along with values for each property.

The heat leak per unit of load for a support member in pure tension
is proportional to k/o, where k is the thermal conductivity and ¢ is the
maximum working stress of the member. Using room temperature values of
the conductivity and the stress values indicated, we computed k/c values.
Table IV-II shows these values for candidate materials. Among these
materials, the industrial yarns, dacron, Nomex and glass fibers have
significantly lower values of k/o¢ than do stainless steel and titanium
alloys.

The natural frequency of a support system and cryogenic vessel must
be greater than the frequency of any excitations that result from the
vibrations and accelerations induced at the time a space vehicle is
thrusting. A material will provide minimum conductance support at the
natural frequency of a tension support when the ratio of the thermal con-
ductivity of the support to its modulus of elasticity is at a minimum.
Also summarized in Table IV-IT is the value of this ratio for various
materials .

2. Design Concept

Although a number of designs for supports of storage vessels have
been used, e.g., tension supports, multiple thermal resistance supports
and refrigerated supports, a cone support system has been analyzed and
tested in detail (Lockheed, 1965). Experimental results indicate that
very good performance on a weight-heat leak basis can be obtained. The
cone support can be made of a mylar honeycomb material which is formed
to a cone shape and bonded to a girth ring around the inner container
and a girth ring on the outer shroud. The cone can be designed to
withstand longitudinal accelerations in two directions as well as
transverse accelerations for both the tensile and buckling loads as-
sociated with such accelerations.
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Because this type of support penetrates the multilayer insulation,
the attachment of the individual layers to the cone has to be accomplished
so that the temperatures of the shields match the temperature distribution
in the support cone. In this manner, isothermal surfaces can be preserved
around the container in the vicinity of the support cone, and thermal
short circuits can be prevented. Figure IV-4 shows a design concept for
such a support system.

C. DESIGN OF MODEL CRYOGENIC VESSEL

We investigated several design concepts for a model cryogenic vessel
as the basis for the calculations of heat interchange on the lunar surface.
The following design was chosen because it represents a design based on
practical experience, which can be used to demonstrate calculational
techniques. Although not optimized, the design is representative of a
lunar liquid-hydrogen vessel and illustrates the particular problems
associated with storing liquid hydrogen on the lunar surface.

A schematic diagram of the vessel is shown in Figure I1V-5. The liquid
hydrogen is contained in a l4-foot diameter spherical vessel supported
within a cylindrical shroud which rests on a tripod support system. The
over-all size and shape of this package were chosen to correspond to the
Lunar Excursion Module. The spherical vessel is attached to the main
vehicle structure by a single continuous cone and is thermally protected
with a multilayer insulation system., All of the piping required to £fill,
vent, and drain the vessel is arranged to form a single piping penetra-
tion on the top of the vessel. A five-foot diameter spherical pressure
vessel inside the liquid hydrogen vessel stores high-pressure gaseous
helium required to pressurize the ullage space of the vessel during with-
drawal of liquid hydrogen.

1. Operation

The general mode of operation requires that the vessel be filled and
topped off continuously prior to launch at a pressure somewhat above one
atmosphere. This pressure is maintained by a low pressure vent valve.
Immediately prior to launch, this low pressure vent valve is closed and
control of tank pressure is switched over to the primary safety relief
device. At launch the liquid in the vessel is sub-cooled to the tempera-
ture corresponding to the relief-valve pressure and absorbs heat during
launch and transfer to the lunar surface without the pressure rising to
the point where it is necessary to vent through the relief valve. On the
lunar surface, a continuous vent is opened and the vessel is continuously
vented through an orifice which is sized so that the vent rate is averaged
over a lunar cycle. This rate will be less than the rate required to
keep the vessel pressure constant during the lunar day and greater than
that required to keep the vessel pressure constant during the lunar night.
Thus, the vessel pressure (and fluid temperature) will fluctuate over the
lunar cycle and the fluid in the vessel will act as a thermal flywheel.
The continuously venting gas can be used to intercept conductive heat
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leaks down supports and in the pipes in the piping penetration, and for
cooling of the radiation shield. To withdraw liquid on the lunar surface,
the liquid withdrawal line is opened and the liquid forced out by gas
pressure. Pressurized helium gas is introduced into the vessel ullage
space to maintain the required pressure during this transfer.

2. Piping Penetrations

Penetrations such as supports and vent, pressurization, fill and
drain lines will pass through the insulation and contact the outside
warm shroud. Because of the highly anisotropic properties of multilayer
insulations, imposed temperature gradients at the junction with penetra-
tions propagate rapidly along the insulation. To prevent performance
degradation, individual radiation shields have to be arranged to match
temperatures along the penetration on a buffer zone inserted between the
shields and the penetration (ADL, 1964). A buffer zone consists of a
material which approximates the temperature distribution in the insulation.
The spacer material itself can act as a buffer zone. The buffer zone pre-
vents radiation from entering the gap caused by penetrations and prevents
accidental thermal shorts between the radiation shields and the penetra-
tion.

Several pipes are required for operation of the cryogenic vessel. These
include pipes which penetrate the multilayer insulation, and auxiliary
valves and vents. Four lines penetrate the insulation; a fill and with-
drawal line, a prelaunch vent line, a high-pressure helium line, and a
vessel vent line:

a, The fill and withdrawal line is used to fill the vessel with
liquid hydrogen prior to launch and to withdraw the liquid on the lunar
surface. The line reaches to the bottom of the liquid hydrogen vessel
and terminates in an on-off valve. This one-inch diameter line is sized
so that the entire contents of the vessel may be drained by pressure
transfer in an 8-hour period.

b. The prelaunch vent line serves two purposes: (1) to vent
the vessel during filling and while in a ready state prior to launch,
and (2) to introduce helium gas for pressurization during withdrawal
of hydrogen on the lunar surface. The vent requirements determine the
size of this line. During the filling and ground-hold phases, the boil-
off rate will be very high as a result of the cool-down heat load and the
high heat leakage through the insulation system during the helium gas
purge. This vent line is sized so that it does not introduce excessive
pressure drops at these high venting rates. For the model vessel, this
line must be about one inch in diameter.

c¢. The high pressure helium line is used during withdrawal to
transfer helium gas from the high pressure helium bottle in the vessel
through a pressure-reducing valve into the vessel ullage space via the
prelaunch vent line. The amount of high-pressure helium gas required
for this purpose is rather small, so that a 1/4-inch diameter line will
suffice., The high-pressure helium bottle is charged prior to launch
through the helium fill line.
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d. The vent line originates in the vessel ullage space and termi-
nates in an orifice which serves as a continuous vent on the lunar surface
and as a safety relief device. This line is thermally coupled to the
other three lines in the piping penetration so that the continuously venting
gas intercepts heat leaks down these lines during lusar . storage. Since
the venting rate is small, this line can be 1/4-inch diameter.

The piping penetration, located on the top center line of the tank,
is shown in detail in Figure IV-6. It consists of a plastic support tube
12 inches long and 3 inches in diameter, the prelaunch vent line, fill
and withdrawal line, and high-pressure helium line. There are three
equally spaced high-conductivity-material discs in the penetration. The
discs pass transversely through it and are thermally bonded to both the
support tube and the pipes. The vessel vent line is coiled at each of
these discs and bonded to it, so that a transverse isothermal surface is
established at each disc. This permits the specific heat available in
the vent gases to intercept conductive heat leaks down the other three
pipes and to reduce the total flux into the vessel through this penetra-
tion to a value which is considerably below that which would result if
there were no thermal couplings.

The ratios of the heat leak with no discs through this penetration
as a function of the heat leak for a number of thermally coupled discs
in it are shown below:

Number of Discs Ratio of Heat Leaks
0 1.0
1 0.243
2 0.091
3 0.043

The ratios of the heat leaks are representative of the specific
piping penetration design used and the values of venting rate, tube size,
tube wall thickness, etc., in the penetrations. The tubes were chosen
with a wall thickness of 0.01 inch thick titanium. The individual shields
are attached to the structural support tube of the piping penetration at
a point where the tube temperature matches the shield temperature.

3. Structural Support

The structural support for the vessel is shown schematically in
Figure IV-7. The support is formed by a continuous cone of a mylar honey-
comb material one inch thick, bonded with 0.025 inch face sheets. The
entire cone is bonded to a girth ring around the vessel and a girth ring
on the vehicle shroud. The slant height of this cone is 4 feet.

The support has been designed to support the inner hydrogen tank for
a longitudinal acceleration in both directions of 6-1/2 g and a transverse
acceleration of 1-1/2 g, and to withstand both the tensile and the buck-
ling loads associated with these accelerations.
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Since this support penetrates the multilayer insulation, individual
shields must be attached at locations on the cone where the temperature
of the shields matches the temperature of the support cone. 1In this
manner isothermal surfaces will be preserved around the vessel in the
vicinity of the support cone, and thermal "short-circuit" will not result.

4. Outer Vessel Shroud

The outer vessel shroud is made of 1/2-inch thick aluminum honeycomb
with 0,012 inch face sheets and designed to withstand axial accelerations
of 6-1/2 g in both directions and transverse accelerations of 1-1/2 g.
There are two support rings in the cylindrical section of the shroud, one
at the point where the vessel support cone joins the shroud and another
at the upper end, where the top of the cylinder joins the shroud. Addi-

tional support rings and struts may be required to carry the loads from
auxiliary control equipment mounted on the top of the vessel.
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V. HEAT TRANSFER ANALYSES

A. DESCRIPTION OF MATHEMATICAL MODEL

The problems of storing a cryogenic fluid on the moon have received
attention in the literature (Dempster et al, 1962, Romero et al, 1956,
and Buna, 1964). 1In addition, Arvesen and Hamaker (1964) have presented
calculations of the effectiveness of radiation shields in controlling
the temperatures of vehicles on the lunar surface. Dempster (1962) has
calculated the heat fluxes to insulated cryogenic storage vessels in both
above- and below-ground-level configurations. Buna (1964) has developed
analytical techniques for predicting vaporization rates of insulated cryo-
genic storage tanks above the lunar surface.

Even though the lunar surface is known to conform to a photometric
function which departs drastically from Lambert's cosine law, common to
all of these analyses is the assumption that the lunar surface reflects
sunlight diffusely in accordance with Lambert's law. Hapke (1963) has
derived a photometric function which appears to conform closely with ob-
served photometric properties of the lunar surface.

One objective of the present analysis was the computation of the heat
leakage to a cryogenic storage vessel on the lunar surface for photometric
functions conforming to Lambert's law and Hapke's formula. The mathe-
matical model used in the heat leakage computations was based on the model
cryogenic vessel design discussed in Section IV-D. The critical aspects
of the design were treated in sufficient detail to permit realistic heat
leak computations.

To carry out precise computations of the heat exchange with a storage
vessel on the lunar surface it would have been necessary to design the
entire vessel in detail: including, for example, the structural supports,
the internal electronics and control configuration, and the various struts
and support rings.

A complete structural and system analysis was outside the scope of
this program; therefore, several idealizations had to be made to create
a simplified mathematical model which could be used to evaluate the heat
leakage to the cryogenic fluid for various characteristics of the lunar
surface,

The external geometry of the simplified vessel model is shown in
Figure V-1. The outer surface is a right circular cylinder with a radius
of 236 centimeters and a height of 732 centimeters. The cylindrical
vessel is assumed to be located 137 centimeters above the lunar surface.

To compute the heat flux incident on various zones of the outer sur-
face, it is subdivided into 30 zones: 6 on the bottom, 6 on the top, and
18 on the side. The cylindrical surface is divided into three bands of
equal height.
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FIGURE V-1 ~ ZONAL SUBDIVISIONS OF MODEL CRYOGENIC
STORAGE VESSEL
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The inner vessel contains the liquid hydrogen and is separated from
the outer skin by multilayer insulation. Included in the calculations
are the heat leak through the insulation and the conductive heat leaks
to the inner vessel from the outer shroud. The conductive terms repre-
sent the contribution of supports and piping penetrations to the total
heat transfer to the inner vessel,

In the computation of the temperatures of the external surface, the
effects of the legs that would support an actual vessel were neglected.
The very low thermal diffusivity of the lunar surface would cause the
support legs to have a temperature distribution resulting from the radi-
ation interchange with the lunar enviromment. The design and the materials
of the support legs could be such that their effects on the temperature of
the external surface would be very small compared to the effects of other
heat inputs.

To calculate the boil-off rate of the liquid hydrogen in the storage
vessel, 2440 kilograms of fluid were assumed to be stored at 20.4%K at
1 atmosphere pressure.

This mass (as discussed in Section IV-D) could be stored in a
spherical vessel of 426.7 cm diameter with a 10% ullage volume and
with a sphere of 152.4 cm diameter inside the vessel to store gaseous
helium for pressurization.

B. ASSUMPTIONS

1. Lunar Environment

a. The storage vessel is located on the surface of the moon
in the ecliptic plane and the temperature of the lunar surface is:

< <
T =71  sint/%e1 0° = el = 180°
m SS
T =T, 180° < el < 360°
m min
where
Tm = lunar surface temperature (OK)
Tmin = temperature of the surface during the lunar night
TSS = subsolar temperature
el = sun elevation angle
39
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The subsolar temperature is 389°k (Arvenson and Hamaker, 1964) and
the values of T . at various times are 122,100°K and 80°K.

b. The intensitg of the direct solar radiation at the lunar
surface is 0.14 watts/cm”.

¢. The infrared emittance of the lunar surface is unity.

d. When the lunar surface is assumed to obey Lambert's law,
its reflectance for solar radiation is taken to be 0.07. When the
lunar surface is assumed to obey Hapke's photometric function, the
particle reflectivity is taken to be 0.16; in this case, the compaction
parameter is taken to be 0.6. The relationship between the individual
particle reflectivity and the effective hemispherical reflectance of
a surface which obeys Hapke's law has not been established. The values
mentioned above represent our best estimates of lunar surface conditions.

e. The lunar period is 27.32 days.

f. The temperature of the shadowed region of the lunar surface
is 122°K.

2. External Vessel Surface and Shroud

4, The solar absorptance and infrared emittance of the external
surface is spatially uniform and independent of temperature. In the
calculations of heat leakage rates, the solar absorptance-to-emittance
ratio is 0.2, 0.5, or 1.0.

b. The shroud is non-conducting and its thermal mass is
negligible (see Appendix A).

¢. Radiation emitted or reflected from the external shroud
does not return to the surface of the shroud.

d. The external shroud is conductively de-coupled from the
lunar surface.

e. Each of the thirty zones of the mathematical model of the
external shroud is isothermal.

3. 1Insulation

a, The insulation effectiveness is characterized by a radiative
shielding factor (see Appendix B), defined by the expression:

2n
W=
s
where n = number of shields making up the multilayer insulation,
€, = emittance of the shields.
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b. The heat flow through the shields is one-dimensional and
the thermal mass of the insulation is negligible.

c. In heat leakage calculations to determine the influence of
the shielding factor on the heat leak to the inner vessel, the shield-
ing factor is 5000, 10,000 or 20,000. (See Appendix B for a discussion
of the relationship between the number of shields, their emittance and
the shielding factor.

4. Cryogen Properties

a. The inner, insulated vessel contains liquid hydrogen at a
pressure of one atmosphere.

b. The temperature of the hydrogen is 20.4°K; the heat of
vaporization is 107.21 cal/g (193 Btu/lb).

c. In calculating the boil-off rate of liquid hydrogen, the
vaporized fraction is vented directly to the lunar environment.

d. None of the heat leakage raises the sensible enthalpy of
the venting gas.

5. Structural Penetrations

a. The external shroud is conductively coupled to the inner

storage vessel by twelve penetrations. Six penetrations, each having

a conductance of 0.103 x 103 watts/°K, couple the six zones on the

top of the external shroud to the inner vessel. Six other penetrations,
each having a conductance of 0.427 x 10-3 watts/°K, couple the six
middle zones of the cylindrical portion of the shroud to the inner
vessel. The total penetration conductance was varied in the computer
calculations of heat leakage. The influence of a variation in the
penetration conductance on the heat leakage is discussed in Section VII,

C. CALCULATION OF INCIDENT HEAT FLUXES

We selected the following numerical method for calculating the
radiative heat fluxes incident upon a cylindrical vessel supported
above the lunar surface.

Ideally, it would be desirable to select a well-mapped region of
the moon and base a calculation on the actual contours of this locality;
however, such a procedure would be complex and beyond the scope of
this program. Therefore, on a gross scale, the region around the cry-
ogenic storage vessel (i.e., out to the horizon) is considered to be
smooth; on a microscope scale, the lunar surface is considered to re-
flect sunlight according to either Hapke's photometric function
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(Hapke, 1963) or Lambert's law. Since little is known about the emit-
tance of the surtace in the inftrared (see Section C-2-c), we assume
that the surface of the moon emits according to Lambert's law with an
emittance of one (any surface with unit emittance must obey Lambert's
law) . We also assume that the surface of the cylindrical vessel

obeys Lambert's law in emission and absorption. This assumption should
remain valid even if the surface of the cylinder is transformed to a
condition resembling the surface of the moon (e.g., by deposition of
lunar particulate materials), since the infrared emittance of either
type of surface is high.

The presence of the vessel will not alter the surface temperature
of the moon except for part of the surface which is in the shadow cast
by the vessel. The temperature in the shadow will be very low because
of the poor conductivity of the surface layer on the moon.

The transition region, in which a temperature gradient exists
around the edge of the shadow, is very narrow, as is the region of the
penumbra; therefore, the transition is assumed to be perfectly sharp.
The shape of the shadow is actually a rectangle with semicircular caps
at the two opposite ends (see Figure V=-1). To simplify the calcula-
tion of the view factors between zones on the vehicle and the shadow,
we replace the actual shadow with a rectangle of equal area.

The basic expression to evaluate is

q =‘/ / 12 g—i cos ¢ dA, dA, (V-1)
A A, s
where A1 = an area (exterior zone) (in cmz) on the vessel,
A2 = an area (in cmz) on the moon,
q = the heat flux (in watts) leaving A2 that falls on area Al’
dA1 = an element (in cmz) of Al’
dA2 = an element (in cmz) of A2’
s = the vector (in cm) from dA2 to dAl’
%% = the ra?iagion flux per unit solid angle (in watts cm™2
steradian™") leaving dAZ’ and

¢ = the angle between the outward normal of dA1 and the line

joining dA1 and dAZ'
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The radiation reaching the vessel from the lunar surface may be divided
according to wavelength range into three components:

(1) Reflected Sunlight. In this case, Hapke (1963) states

dI 2b1O cose _cosf

= = i - B V-2

dn 2 cose + cosp (sin@ + (1-Q) cosq) (a,g) ( )

3n
. . R . =2, .
where I, = intensity of sun's radiation (in watts cm ) in the

vicinity of the moon,

b = reflectivity of a particle on the moon's surface,

€ = angle between the outward normal at dAz and the vector
between dA2 and dA1 (s),

B8 = angle of incidence of the sunlight with respect to the
normal at dAZ’

Q@ = angle between the direction of the sun's rays and the
vector between dA1 and dA2 (-s), and

g = a number called the "compaction parameter".

The function B is given by the relation

R - / R - S 0 < € LS
B (a,g) = 2 - tgga 1-e tanX 3 -e tan 2 V-3)
/
AN
1t
B (a,8) = La 3

For brevity, we may write

dr _
-1y bh (@B,

2 cose cosB
3ﬂ2 cose+cosp

where h = (sind + (n-ax) cosx) B (x,g)
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(2) Infrared Radiation Emitted by the Lunar Surface. In this case
we use Lambert's law and

= ——— (V-4)

. D
where Tm is the temperature of the moon's surface in K.

(3) Radiation from the Shadow of the Vessel. This radiation obeys
the same law given in Equation (V-4), although a much lower tempera-
ture, Ts’ must be substituted for the value Tm used for the sunlit area.

I? general, the integration of Equation (V-1) has to be carried out
gumerlcally. To do this we replace the integrals by sums and the infin-
itesimal elements of area dA; and dA2 by finite elements AMA,. and M, .

2
and sum over both areas A1 and Az. The three integrals of interest a%e:

q_ =1 bZZh(a,B,e)MAA.AA. (V-5)
r 0 . 2 11 2j
1] I's|
q=oT422M‘QAA AA, . (V-6)
e m 2 11 2]
i3 =|sj
q =0T4ZZQMAA,AA. v-7)
s s . . A 1i 2]
ij =is|
where q. = reflected radiation (in watts),
4, = radiation emitted by the sunlit area (in watts), and
Q, = radiation emitted by the shadow area (in watts).

The quantities that have been factored out of the summations in
Equations (V-5 through V-7) are parameters, so it is convenient to
calculate the sums without these factors. These sums are view areas
and will be referred to as G , G , and G__, respectively. Here

. . r’__.em es, ;
we define a view area to be & viéw factor times the appropriate surface
area.
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The area of the moon visible to an element of area on the side of
the cylindrical body of the vehicle is a semicircle, bounded by the tan-
gent to the cylinder and the horizon. For purposes of numerical integra-
tion, this area of the moon is subdivided into a number of sectors and
further subdivided in radius to produce a pattern such as that shown in
Figure V-2, for example. The particular location of A Aj; determines
the position of the mesh into which the moon's surface is subdivided.
It is evident that the areas A Apj increase with the square of their
distance from the center. This 1s appropriate because these areas will
be divided by | ]2, the distance between the centers of the elements of
area, and thus the contribution of each element to the view area will
be approx1mate1y the same, except for the influence of the photometric
function. To perform a simple error analysis for the integration over
the surface of the moon, we let the photometric function be unity and
replace |s[2 with r2, where r is the distance from the center of the mesh
on the lunar surface, We find

J GJ"*‘l
& . ~  r dr de ary
T // / J/ 5 = N8 log |1 + e (V-8)
. r j
AAZj r 9
where A9 = 9j+1 - Oj (a constant in our method of subdivision)
Ar, = T, - r,
] jtl h|

The integral in Equation (V-8) will be replaced by the quantity

N -9
AA_, 2 )
1i r
m
where rm is the mean radius of the element AsAzj.
We find that
AB AT
AG _ i
AA,, AT, (v-10)
11 ba 1 +
2
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FIGURE V-2 SUBDIVISION OF THE SURFACE OF THE MOON
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To estimate the error, we expand the right-hand sides of Equations
(V-8) and (V-10) into power series, subtract, and select the first temm

that is different from zero. We find the error, 7, to be given by the
expression

3

__A ;’Ar
=712

f —_—1
o

Therefore, to keep the error contribution from each element approximately
the same, the quantity

(v-11)

it
r,
J

should be held constant. The value of this constant is determined in
such a way that the elements A Agy are "square” in the sense that

A rj =r A B v-12)

It follows from Equation (V-12) that

il _2+tA3 (v-13)

b1 . .

In the example shown in Figure V-2, A 8 = 7 and the corresponding ratio

rj+1/r. is about 1.5. Then if, for example, the radius of the innermost
J

arc is 1 meter, and the element on the cylinder is 10 meters high (which
implies that the horizon is at a radius of about 6000 meters), about 22
increments of radius will be used. Thus 176 subdivisions of the visible
area of the moon would be required in this case, which would result in

an error of about 1% with respect to the integration over the lunar surface.

In case the area A} is not on the side of the vessel but is on the
bottom, a similar subdivision system is employed for the surface of the

moon. The only difference is that the area of the moon viewed from the
underside of the vessel is a full circle instead of a semicircle.
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To define vector s it is necessary to pick definite "center" points
on the finite elements of area A A;; and A Aj;. These points are picked
to lie midway between the boundaries of the efements, so that on the
element A Ajy; the mean angle and radius is used. Let (x1, y;, 21) and
(x5, ¥, 2p) be the coordinates of the centers of the elements A Ajj and
A Ags, respectively, and let r_| ¢m be the polar coordinates of (x3 ¥,)
referred to the polar system of coordinates with origin at (xl yl)f %hen
it can be shown that ?

l 4
. X, =% + r T, s1n¢m + 5, cos¢m (V-14)
4! X1 \
v, =¥ * T, T 31n¢m - ;; cos¢m ) (V-15)
/
2 2
where r1 = x1 + vy -

The variation of z, with X, and Yy is small and is given by

2 2
(x2 ty, )

2, = TR (V-16)

where R = radius (in cm) of the moon.

Equation (V-16) is an approximation based on the fact that the dia-
meter of the moon is extremely large in comparison with the size of any
vessel.

It is not convenient to attempt to describe the rectangular shadow
in the polar coordinate system shown in Figure V-2. Therefore, the calcu-
lation of the view areas G_ and G_ (for reflection and emission) is made
by first integrating over the entire visible area of the moon and then
subtracting the contribution of the shadow.

The vessel's shadow, approximated by a rectangle, and the method of
its subdivision are illustrated in Figure V-3. To make the shadow have
the proper area, the lengths 21 and g, are chosen to be

h1 1t rc
= V-1
21 tanBS + 4 (V-17)
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22 * Game_ ~ & (v-18)

where r, radius (in cm) of cylinder,
B = elevation angle of sun,
h

1 = height (in em) of bottom of cylinder, and

h2 = height (in cm) of top of cylinder.

The width of the shadow is 2rc.

To find the coordinates (xz, y,) of the center of an element A A2.
of the shadow, it is convenient to introduce first the coordinate sysgem
(v, w) as shown in Figure V-3. The origin of this system is at

X = sinozS o cosocS V-19)
y = -r_cosx - g, sind (V-20)
where ¢ = azimuth angle of the sun., Thus, if the coordinates of the

center of an element are (vm, w.) in the (v, w) system, the coordinates
in the (x, y) system are given by

X, =v_cosy_-Ww sinx + r_ sinx_ - g, cosc (v-21)
2 m s m s c s 2 8

= - - V'22
y, = v, sina  +w cosa, - r_ cosa - g, sino ( )

The coordinate zy is given again by Equation (V-16).

In Figure V-4 are shown the angles, a, B, €, and @ along with the
outward unit normal vector, M, to the surface of the moon, the outward
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FIGURE V-4 GEOMETRICAL RELATIONSHIP OF THE SUN,
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unit normal vector, T, to the surface of the vessel and the unit vector,
4, directed from the point on the moon towards the sun. In terms of
these vectors,

cosQ = %é? v-23)
cose = 5 (V-24)
s

As
cos¢ = - — (V-25)

I's|
where s = (x1 " Xos ¥ T Vo5 20 7 zz) (V-26)

A .

u = (cosJLS cosBS, sinaS cosBS, 51nBs) w-27)

and the vector n may have one of two values, depending on whether A Ali
is on the side or the bottom of the vessel. On the side

S y
P S Y )
R=(=, =, 0 (V-28a)
C (o4
On the bottom
n=(, 0, -1) (V-28b)

To a sufficient degree of approximation we may take
s
p=%-8 (V-29)

3 N . (3
since the vector m is everywhere directed very nearly parallel to the
z-axis. To the same degree of approximation we find

z. + 2z
cosE = i — (v-30)

Is|

In connection with Equation (V-30), note that the horizon occurs at a
distance
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and at this distance 2y = - z,, so that both terms in the numerator of
Equation (V-30) must be retained in spite of the small curvature of the
lunar surface, which may be neglected elsewhere in the problem.

The numerical methods described above were employed to calculate
heat fluxes from the lunar surface and incident on the surface of the
cylindrical vessel. These formulas were incorporated into a computer
program to calculate the fluxes in specific instances.

D. THE RESPONSE OF THE LUNAR SURFACE TO SHADOWS FROM A NEARBY OBJECT

To evaluate the heat fluxes incident upon an object which is resting
on the lunar surface in sunlight, it is necessary to determine the amount
of heat which comes from the lunar surface. The presence of an object
resting on the lunar surface will cause a part of the surface very near
the object to be shadowed (see Figure V=5). The temperature distribution
in the shadow is derived below.

Consider the moon to be a semi-infinite solid bounded by the x-y
plane and assume the solid to be homogeneous and to have a conductivity
K and a black surface. Furthermore, let the incident illumination be §,
where

v N
)

¥z}
it
x2

w
f
n o
h  Hh
o o
ROH
E

} (v-31)
J

“o
Thus, the shadow will be an infinite strip of width 2¢ along the y-axis.

The temperature in the medium, T, is determined by

2. .2
e (V-32)
22 2
X 2

K %g =0 T4 -S forz=20 (V-33)
T=To< o for z = @ (V-34)

As they are written, Equations (V-32) through (V-34) are completely in-
tractable because of the nonlinearity of the boundary condition (V-33).
To obta&n approximate results, we will write the equations in terms of
u = o T and drop nonlinear terms. We find
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FIGURE V-5  FORMATION OF SHADOWS ON THE LUNAR SURFACE
BY A VESSEL
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2 2
3 3
5+t~ =0 (vV-35)
X 9z '
3
K35§=u-s for z = 0 (V-36)
40T

u = u < o for z w-37)

I
8

Here we have arbitrarily linearized about To'

We now employ Fourier transforms to obtain a more useful expression
for S. We find

CD{,
_ 2 sink? coskx _
S = So 1 . / = dk) (Vv-38)
“0
We may also write
-kz
[ ¢(k)coskxe dk + u (V-39)
0

where (k) is to be determined by the boundary condition (V-36) and

u, = oT 4. As defined by Equation (V-39), the function u satisfies the
differeftial equation (V-35) and meets the boundary condition (V-37) at
z=oo®. To find g(k) explicitly, we substitute Equation (V-39) into
Equation (V-36) to obtain

o 0,
R kf(k) coskx dk = #(k) coskx dk +u_ - S
3 o o
40"]?0
0 0
o,
28 '
ink2
+ o / sink? coskx dk (V-40)
7 k
I1f we let u, = and make use of the fact that Equation (V-40) must be

satisfied for al? values of x, we find that
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FG) = - (V-41)

Equation (V-41) may now be substituted into Equation (V-39) to give the
formal solution

©
. -kz
e =u 11 - 2 sml;l coskx e dk (V-42)
o} n K k
k \1 + =3
0 4<ITO

We are only concerned here with the surface temperature, Ty, which we
may find from Equation (V-42) by setting z = 0. We obtain

©
4 =u _2 sink! coskx dk (V-43)
s o T { K k J
k \l + — 3 .
0 ‘ 40T
o
4
where u = T (V-44)
s s

The integral appearing in Equation (V-43) can be evaluated in terms of
the sine and cosine integral functions. We find

u
u, = 'ﬂ—o{f(gl) + f(gz)} for 0 £ x £ 3 (V-45a)
u [ )
ug =u - ]‘f(lgll) - f(gz) for x = ¢ (V-45b)

where

40’1‘03 (2 - x) -
£, = - )

40’1‘03 (2+ x)

= V‘7
£, < (V-47)
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f(g) = Ci(g) sing + L% - Si(g)] cosg (V-48)

For our purposes a reasonable approximation to f(y) may be used to advan-
tage. It may be shown that

£(p) = — =~ for0£¢ < o (V-49)

£+ =

7

Thus we find
1 L | <
u, = ug = + ’ [, 0 £x = ¢ (V-50a)
2+>\ 2+T'
_ - 1 1 - -
u, = ug 1 2 . E:l'+ >+ n }, x 29 (V-50b)
A !

N=—"7 (V-51)

We may take the following values as representative of what may be ex-
pected on the lunar surface

K = 10_3 watts cm-1 (deg K)_1 (for vesicular materials, such as pumice
in a vacuum)

L |
Il

350°K
Using these values, we find

A =0.3 cm.

If we take the width of the shadow to be 200 cm, the last terms in
Equations (V-50a) and (V-50b) are completely negligible and we find that
the width of the region about the edge of the shadow in which any appre-
ciable temperature gradient exists must at most be of the order of 2
centimeters. Should the lunar surface be covered with a dust layer, the
conductivity, K, and hence the characteristic length, A, will be two
orders of magnitude smaller.
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We conclude, therefore, that in calculating the heat flux incident
upon a storage vessel which casts a shadow on the lunar surface, we can
safely ignore the region about the edge of the shadow in which a tempera-
ture gradient exists. Thus, a single temperature can be assigned to the
shadow areas and a single temperature can be assigned to the sunlit
areas for purposes of heat flux calculations.

We may next estimate the time the lunar surface takes to cool off
after the object casting the shadow is emplaced. If we assume Newton's
law of cooling to prevail, which amounts to linearizing the radiation
boundary condition, we find (Carslaw and Jaeger, 1959) that

KT

T 2 —2— (V-52)

h/n k¢t

where T = temperature (in 0K) of surface,
T = initial temperature (in 0K),
= thermal conductivity (in watts cm-1 (OK)-I),
heat transfer coefficient (in watts cm-2 (OK)-l),

= themmal diffusivity (in sz sec-l), and

T X B RO
H

= time (in sec).

Equation (V-52) may be solved for the time t to yield

2
¢ =L _32 (V-53)
" n \hyT

where the thermal parameter y is given by

y = ([Kop C)—l/2 (in joules-1 cm2 Secl/2 OK),
e = density (in gm cm-3),
L -1 o0..-1
C = heat capacity (in joules gm =~ (K) 7).
We may take
T = 370°K
o
= 200°K
y = 250 joules-1 cm2 secl/2 K
h = 40T3 =1.8 x 10-4 watts cm-2 (OK)-1
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and we find t = 540 sec.

This is a maximum estimate of the time required for the radiation
emitted in the shadowed area to fall to one-tenth of its initial value.
We may conclude, therefore, that the shadowed area will cool down to a
low temperature immediately after the shadow falls. The temperature of
the shadow thus need not be considered to be time dependent.

E. HEAT FLOW EQUATIONS

Using the methods previously described in Section V-3, we calculated
the heat leakage to the inner insulated cryogenic storage vessel result-
ing from the heat flux incident on the extermal shroud. Assuming that
the shroud was adiabatic in that no heat flux due to azimuthal conductance
or conductance normal to the shroud was assumed to exist and had a neg-
ligible thermal mass (see Appendixes A and C), we calculated the steady
state temperatures of each zone of the external shroud.

The temperature of each zone (assumed to be isothermal) was calcu-
lated from the heat balance equation:

surface moon shadow sun albedo
4 4 4
€A JT =€ G oT +¢e¢ G oT +alG +agq (V-54)
s z S em m s es ms so s s'r
where q = heat flux (in watts) due to reflection,
T . . . .
which is calculated according to the equations:
bIoGr (for a Hapke reflector) and
al G (for a Lambert reflector),
o em
as = solar absorptance of the skin of the vessel,
€ - = infrared emittance of the skin of the vessel,
T = mean temperature of a zone,
Tm = temperature (in 0K) of the sunlit lunar surface,
Tms = temperature (in OK) of the shadow on the lunar surface,
-12 2 0,4
g = Stefan-Boltzmann constant = 5.6686 x 10 watts/cm” (K) ',
I, = intensity of solar radiation - 0.14 watts/cmz,
a = lunar surface albedo fraction,
b = particle reflectivity of the lunar surface.
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A_ = area of the zone (cm2)

z
. . 2
GS = view area (in cm’) of the zone to the sun
Gem = view area for sunlit part of lunar surface
Ges = view area for shadowed part of lunar surface

Note that Equation (V-54) can be written in the form

4 4 4 Y
AoT =G ofT +G oT +— (I G +q) (V-55)
zZ em m es ms € O s r

Thus, the temperature of each shroud zone is independent of the magni-
tudes of the emittance and solar absorptance and only depends on the solar
absorptance-to-emittance ratio.

The heat flux into the liquid hydrogen storage vessel at a given time
is calculated from the formula:

[ (V-56)

]

heat flux (in watts) into the LH
given sun elevation angle,

where q(el) storage vessel at a

2

Az(i) = area (in cm2) of zone number i,

i = the shielding factor for the insulation separating the

inner LH2 storage vessel from the external shroud,

... O .
T (i,el) = mean temperature (in K) of zone i at a given sun eleva-
tion angle,

C(i) = penetration conductance (in watts/oK) into zone i, and

TH = temperature of liquid hydrogen (assumed to be ZO.AOK).
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The average flux into the tank over a lunar day, E, is found by integrat-

ing q(el) by

the trapezoidal rule. The per cent boil-off of liquid

hydrogen per year is given by

fg

B = ;—g—— x 100 (V-57)
fg

= boil-off rate (in %) per year,

= total heat influx (in watts) to the cryogen in a one-
year period,

= 1initial mass (in kg) of stored hydrogen,

= heat of vaporization (in watts sec kg-l) of the liquid
hydrogen.
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VI. COMPUTER PROGRAMS

We prepared :nree programs to calculate the average yearly boil-off
rate of liquid hydrogen from a storage vessel on the surface of the moon.

A, VIEW AREAS

The first program of the set, written FORTRAN II for the IBM 7090,
is used to calculate three view areas for a portion (to be referred to
as a zone) of the cylindrical vessel:

1. from the zone to the unshadowed region of the lunar surface
(for emission and for reflection),

2. from the zone to the shadow of the vessel on the lunar sur-
face, and

3. from the zone to the sun.
Since the sun is considered to be a source of plane waves, the view area

of a zone of the vessel to the sun is the area of the zone projected onto

a plane perpendicular to the sun line. This view area is then defined
by the integral:

G = d+-ndA (VI-1)

2
where Gs view area (in cm”~) of the zone to the sun,

. 2
Az = area (in cm”) of the zone,

{ = unit vector from a point on the vessel to the sun (i.e.,
the same as taking a unit vector from a point on the
lunar surface to the sun),

A = outward unit normal to the surface of the vessel.

The view area of a zone on the vessel to the unshadowed lunar surface to
be used for reflection was found by Hapke (1963) to be:

£)

-
Fa)
S *° N
G = - h (@, B, €) ~E dA_ dA_ (VI-2)
A A
m Z
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where G
T

A
m

h(x,B,¢€)

g

, , 2
view area (in cm' ) of the zone to the unshadowed lunar
surface to be used in calculating flux due to reflection,

vector (in cm) directed from a point on the lunar sur-
face to a point on the vessel,

area (in cmz) of the unshadowed lunar surface,

(as defined in Section V),

- ~
-1 (s - u
cos — ,
S

cos @ - m,

S
A
-1/m * s
cos - i,
| 5]

outward unit normal to the lunar surface.

The view area of a zone on the vessel to the unshadowed lunar surface to

be used in calculating flux due to emission may be determined from Lambert's

law:

.
[

/ 5 .
¢ =-%y @

em JI/
Am A

[P . A
s)(s - n) dA  dA

I‘?ld z m (V1i-3)

z

Similarly, the view area of a zone on the vessel to the shadow of the

vessel 1is

where G
em

es

(G - 8)
S S ' n
RE A, dAg

(V1-4)

¢ = - 1 // // (m_-
es -
‘A A
S z

. 2
= view area (in em”) of a zone to the unshadowed lunar

surface to be used for emission,

view area (in Cm2) of a zone to the shadow of the
vessel to be used for emission, and

area (in sz) of the shadow of the vessel.
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The view area program requires as input data the azimuth and eleva-
tion of the sun, the radius and height of the cylindrical vessel, the
distance that the vessel stands above the lunar surface, the compaction
parameter, a description of the zone on the vessel, and the mesh to be
used in the numerical integration of Gg, Gy, Gep, Geg. These data are
given on a set of 5 cards in the FORTRAN format:

15,6F10.5,15

This set of cards must be followed by a blank. The data on the cards are:

15 F10.5 F10.5 F10.5 F10.5 F10.5 F10.5 15

1 as el

2 nt mr

m
3 rc z1 z2 ds n job
*{4 d1 d2 n, t1 t2 nt n zone

5 d1 d2 ny t1 t2 nt n zone
6 g

4
* Only one of these cards is used in a data set.

where Card l1--Information on the position of the sun

azimuth angle (in degrees) of the sun,

as
el

elevation angle (in degrees) of the sun.

(Note that el must not be zero, because the
program will not properly handle an infinitely
long shadow which begins an infinite distance
from the vessel.)

Card 2--Information for integration over the lunar surface

e e o}
nt number of divisions to use per 180, and

m
mr

mean radius (in cm) of the first radial
subdivision,

Card 3--Description of the cylindrical vessel

a1}
i

radius (in cm) of the cylinder,

z = distance (in cm) of the bottom of the vessel
from the lunar surface,
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z, = distance (in cm) of the top of the vessel from
the lunar surface,

ds = approximate mesh size (in cm) to be used in
integrating over the shadow,

n job job number.

Card 4--Description of a zone on side of the cylinder

dl’ d2 = z limits (in cm) of the zone,
nd = number of subdivisions to take in integrating
in the z dimension,
tl’ t2 = 0 limits (in degrees) of the zone,
nt = number of subdivisions to take in integrating
in the © dimension,
n zone = zone number.

Card 5~-Description of zone on bottom of the cylinder

dl’ d2 = r limits (in cm) of the zone,

nd

number of subdivisions to take in integrating
in the r dimension,

n zone as in card 4.

t;, t,, nt

Card 6--Additional information

g = compaction parameter of the lunar surface to
be used in Hapke's formula.

The caid output from the view area program for each zone is a set of
three cards in the FORTRAN format:

315,4E15.8
which contain the information:
15 15 15 E15.8 E15.8 E15.8 | E15.8
1 n job n zone as(radians) el (radians) GS
2 n job n zone as(radians) el(radians) Gem GeS
3 n job n zone as(radians) el (radians) Gr GrS
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where
—

s *
Grs = - h (@, B, €) 3 dAz dAm (V1-5)

A ‘A

=3

which is calculated for checking purposes. The printed output consists
of the input data with the notation as given above. Following the zone
number is printed a C if the zone is on the side of the cylinder and a

D if the zone is on the disc, i.e., the bottom of the vessel. The view
areas are printed with the following notation:

incident sun = G

[
Lambert - moon =G
em
Lambert - shadow = G
es
Hapke - moon = Gr
Hapke - shadow = G
rs

The remaining two programsof the set of three were written for the
specific case of a vessel on the lunar ecliptic. The vessel has been
divided into 30 zones, of which 6 are on the bottom and 6 are on the top
of the vehicle. The sides of the vehicle were divided into three bands,
each one-third the height of the cylinder and divided into 6 zones of
equal area. The angular divisions of the top, the bottom, and of each
band coincide and fall at a_ + 30°, a_ + 90°, ag + 150°, a_ + 210°,

a_ + 2700, and a_ + 3300, where a_ is the azimuth angle of the sun.

Thus, the symmetry of the choice Sf zones on the vessel allows the number
of view-area calculations for each elevation angle to be reduced to 16
(excluding the simple Gg calculation for the zones on the top of the
vessel). Another advantage of the symmetry is that it is necessary only
to calculate view areas for sun elevation angles between O and 90 .

The numbering of the zones is shown in Figure V-1l.

B. CARD-TO-TAPE PROGRAM

The second program of the set is a card-to-tape program written in
FORTRAN I1 for the IBM 1401. For inputs, this program requires sets of
three output cards from the view-area prggramofor ghe lg zones megtiongd
above and for the 7 elevation angles: 0, 157, 30, 45, 60", 75, 90
The view-area program cannot perform calculgtions for the case of 0°
elevation of the sun. The view areas for 0 elevation were calculated
by extrapolation from the other view area calculations. Following this
set of cards is one with a 4 in column 5, which indicates the end of
the input data. The output from this program is a magnetic tape, written
in 1401 internal notation, which contains a record for each set of three
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input cards and a record for one zone on the top of the cylinder at each
elevation angle. The information on each record is as follows:

n zone, ef(deg), Gem, Ges, Gr, Grs’ GS.

C. TEMPERATURE OF ZONES AND BOIL-OFF RATE

The final program of the set calculates the temperatures of the
zones of the vessel and the percent boil-off of liquid hydrogen per
year. Although we assumed that the lunar surface reflects solar radiation
according to Hapke's photometric function, the calculations compare
the temperatures calculated by using Hapke's formula with those calculated
assuming a Lambert cosine reflector.

The temperatures of the zones are calculated by using Equation:' (V-54)
and the heat flux into the storage vessel is computed by using Equation
(V-56). The program also calculates the percentage of liquid hydrogen
boil-off per year by using Equation (V-57).

The input data required for the program involving the heat flow
equations (see section V-E) are given on four cards and the tape
previously described. The first card has the data KON, AE, A,B,SF
in the format:

I1, F9.4,3F10.4

where
KON = 0 (when Hapke view areas are used in the lunar surface
reflectivity calculation) and
= 1 (when Lambert view areas are used),
AE = the absorptivity/emissivity ratio of the vessel shroud,
A = the albedo fraction for the lunar surface,

B = the particle reflectivity factor, and
SF = the shielding factor for the multilayer insulation.

The remaining cards give the conductance (in watts/°K) into the ves-
sel for each zone in the format:

I1,F7.4,9F8.4
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The integer in column 1 of these cards defines the zones on that card.
Column 1
2 conductance for zones 1 - 10 in order,
3 conductance for zones 11 - 20 in order,

4 conductance for zones 21 - 30 in order.
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VII. PROGRAM RESULTS AND CONCLUSIONS

The numerical results of the analysis of the boil-off losses from a
cryogenic vessel stored on the lunar surface are discussed in this
section. The computer tabulations are shown in graphical form and the
significant results are summarized.

Figures VII-1 and VII-4 show the view factors from the various zones
of the vessel to the shaded and illuminated portions of the lunar surface.
The view factor for solar radiation reflected from the lunar surface
calculated from Lambert's law is greater than the view factor calculated
from Hapke's photometric function. The lunar surface was assumed to be
Lambertian in emission; therefore, the view factor for emitted infrared
radiation from the lunar surface was calculated from Lambert's law.

Figures VII-5 shows the reflected solar radiation incident upon
Zones 1, 2, 7, and 8 for various sun elevation angles according to
computations using the Hapke photometric function. Zones 1 and 2 are
located at the bottom and Zones 7 and 8 on the side of the vessel.

Figure VII-6 shows the radiative heat flux incident upon the outer
shroud at various times during a lunation. The component of solar
radiation reflected by the lunar surface according to the Hapke photo-
metric function is small compared to the incident solar flux and the
lunar surface thermal-emission componente, However, for the assumed
conditions the solar radiation reflected by the lunar surface according
to Hapke's photometric function is about half that if the lunar surface
were to reflect according to Lambert's law. We believe that this dif-
ference is caused by the strong retroreflection of a Hapke-type reflector.

The maximum incident solar flux is received by the outer shroud
shortly after sunrise and shortly before sunset when both the top and
the sides of the vessel are illuminated. The bottom of the vessel does
not receive solar flux except during a period of about six minutes at
sunrise and at sunset. A sharp decrease in the incident solar flux occurs
at noon when the sides do not receive any solar radiation. This momentary
shadowing has only a small effect on the outer shroud temperature. The
calculations did not take into account the fact that the solar radiation
is not collimated but subtends an angle of 32 minutes. For typical
conditions, the error in the temperature of the outer shroud due to the
assumption that the sunlight is collimated, is about .03°K.

The lunar surface thermal emission is the most significant component
contributing to the heat flux incident upon the outer shroud. Because
the exact magnitude of the lunar surface infrared emittance has not been
established, an assumed emittance of unity will give conservative results.
The magnitude of the total radiant heat flux incident upon the outer
shroud of the cryogenic storage vessel is so large, compared to the flux
due to sunlight reflected from the lunar surface,that the departure of
the photometric function from Lambert's law is of slight importance.
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Table VII-I illustrates the effects of different lunar surface
shadow temperatures on the total incident heat flux for Hapke's photo-
metric function at different sun elevation angles. As these results
indicate, the effects of the lunar surface shadow temperatures are
negligible because of the small magnitude of the lunar surface thermal
emission from the shadow.

Figures VII-7 and VII-8 show the boil-off rate in percent per year
for different insulation shielding factors and various ratios of solar
absorptance to infrared emittance of the outer shroud. These calculations
are based on the assumption that the lunar surface reflects radiation
according to Hapke's photometric function. For an insulation shield-
ing factor of about 5,000, the boil-off rate would be in the order of
30% per year for a high a /e ratio. Reductions in the boil-off rate
for an insulation shieldigg factor greater than 15,000 are not very
significant. Increased insulation shielding factors will result in an
increase in weight and thickness of the insulation and thus detract
from the advantages of a decrease in the boil-off rate. Even under the
most optimistic conditions of very high insulation shielding factors
and very low a /e ratios, the boil-off rate would be about 77% per year
for the model gryogenic vessel considered.

Figure VII-9 shows the dependence of the boil-off rate on the ratios
of the outer shroud solar absorptance to infrared emittance for various
penetration conductances and lunar surface reflection laws for an
insulation shielding factor of 10,000. Instead of using a conductance,
we used a shielding factor to characterize the heat flow through the
insulation. This permits calculation of the heat flow through the
insulation using the difference in T4 instead of the difference in T.

To be able to relate shielding factors to multilayer insulation systems,
Figure VII-10 shows the dependence of shielding factors on different
numbers of radiation shields and emittances, and Table VII-II gives
typical thicknesses of multilayer insulations for different numbers of
radiation shields.

The total penetration conductances, even though a small percentage
of the effective insulation conductance, have an important effect on
the boil-off rate. To illustrate the magnitude of the penetration and
effective insulation conductance, let the insulation be exposed to a
temperature of 300°K on its outer boundary and to 20.4°K on its inner
boundary. For insulation shielding factors of 5,000, 10,000, and 20,000,
effective conductances of the insulation are 47.2 x 1073 watts/°K,
23.6 x 1073 watts/°K, and 11.8 x 10~3 watts/°K respectivelg. The
nominal conductance of the total penetration is 3.18 x 1072 watts/°K.
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TABLE VII-I

EFFECTS OF LUNAR SURFACE SHADOW TEMPERATURES
ON TOTAL INCIDENT HEAT FLUX (HAPKE)

Sun Elevation (Kilowatts)
Angle Tmin = 122°K Tmin = 100°K Tmin = 80°K
0° 49.AR 49.19 48.95
15° 77.65 77.62 77.60
30° 97.11 97.05 97.02
45° 109.15 109.07 109.03
60° 114.67 114.59 114.55
75° 113.61 113.52 113.48
90° 106.90 106.83 106.80
79

drthur D Little, Ine.



A

SOlLVY

JONVLLIWG @34V ¥4NI 0L FONYLAI0SEY ¥4v10S ANOYHS ¥3LNOo
SNOIYVA ¥04 HOLOV4 ONIATAHS NOLLYINSNI SA 31vY 410-1108 L-1A 3dN9O13

0¢

m-E X ‘i ‘iojoe4 buipjaiys uonensui

14! 4! 01 8 9 14 /4 0

uondUNJ 21113Wojoud s,8)deH Joj paindwod aJe sayey BION

01

0¢

0¢

leaj Jad juadlad ‘ajey Jjo-j1og

80




SYO0LIV4 INIQTHHS
NOILVINSNI SNOIYVA ¥04 OlLVY IONVLILIWS Q3¥V NI
0L IONVLAY0SEY ¥v10S ANOYHS ¥ILNO SA ALvy 440-7108  8-11A 3UNIIA

oney 30 pnoays Jang

01 6 8- L 9 g v ¢ A 5

000°S

.

J0joe4

buiplaiys
uoije|nsuj

uonouN4 aBwWo0Yd s,a4deH Joj payndwod ale sayey :8joN

1
o
—

1
o
on

<
Jea A Jad jusdlad ‘a)ey J0-108

81



11

SMVT NOILOTT43¥ 30V AUNS dVYNNT ANV
SNOILVYLINId SNOIYVA ¥04 OlLY ¥ JONVLLIWI QI¥VEINI

0L IINVLd¥0SEY ¥¥10S ANOYHS ¥ILNO SA ALvY 440-1108  6-HA 34N914
oney 3/°0 PNoIYS JaNo
0T ) L9 ¢ ¢ T 0
-
— -—
— - -
-
\\
N — o .
\\ \\\
m -=—=-- aydeH Al
I Nispem 0T x8Te  ded i
| NiSHem c QT XST'e  Mequel I
NsHem ¢ 0T x9¢'9  oydey .
39UR}ONPU0) MeT aAINY)
uoijedjpuad  UONHI9|JBY
jejo1 3Jeying
Jeun]

01

Sl

JeaA Jad yusdiad ‘eley 1j0-jiog

14

82




SIONVLILIWI ANV SQT3IHS NOILVIQVY 40 SH38WNN
IN3¥3441GNO SHOLIV4 ONIGTIIHS 40 IONIAN3L3d 0T-11A 34N91d

(U) SPI21YyS uoneipey jo JaquinN

cmn 00¢ o
!

200= % ajueliwy piaiys uolelpey

un

o
—

N
ey

spuesnoy] - (rl) J03oe4 buipjatys

83



Number of
Radiation
Shields

TABLE VI

I-11

TYPICAL THICKNESSES OF MULTILAYER INSULATIONS
FOR DIFFERENT NUMBERS OF RADIATION SHIELDS

Multilayer Insulation Thickness

.007" Thick
Netting Nylon

50

100

200

300

400

0.95"
1.90"
3.80"
5.70"

7.60"

Polyester Film

Crinkled

84

0.75"
1.50"
3.00"
4.50"

6.00"

.003" Thick
Glass Fiber Paper

1.35"
2.70"
5.40"
8.10"

10.80"
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APPENDIX A

EFFECIS OF SKIN CONDUCTANCE AND THERMAL MASS

A one-dimensional, transient thermal analysis of the heat flow
in the skin was made to test the assumption that the conductance of
the outer skin of the vessel and the thermal mass of the skin do not
appreciably influence the heat flux into the vessel. We define the
thermal mass of an object to be the product of the heat capacity and
the inertial mass of the object.

The temperature distributions in a section of the skin were calcu-
lated by using the "Method of Zones" (Strong and Emslie, 1965) for two
situations:

(a) Case I -- The skin was assumed to have a finite azimuthal
conductance and thermal mass.

(b) Case II -- The skin was assumed to be non-conducting
and to have no thermal mass.

The temperature distributions were calculated without considering
a thermal conductance between the skin and cryogen.

Figure A-1 shows the dimensions of the skin section, assumed to
be made of 6061 aluminum and to have the following characteristics:

Thickness - 0.159 cm (1/16")
Conductivity - 1.5 watts/cm-K
Density - 2.7 glec
Specific Heat - 1.0 joule/g-K

The section of skin was taken to

be 244 centimeters in height

and was subdivided azimuthally into 6 zones.

As shown in Figure A-1,

because of the symmetry of the problem, only six zones are required to
compute the temperature distribution. Heat-balance equations were
written in order to compute the temperature history of each zone and
the seven boundary temperatures. The equations were solved by use of
the Arthur D. Little, Inc. Transient Thermal Analysis Computer Program.

A special program was written to compute the heat flux from the
skin to the insulated cryogenic vessel. The heat flux into the vessel
was computed from the mean temperatures of the six zones by using the
following equation;

a=] Mo/ alo -TH;‘> dt w
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Note: Numbers on diagram identify temperatures used in the
calculations.

FIGURE A-1 DIAGRAM OF SKIN SECTION
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where q - total heat flux (watts)

A, - area of zone (cm2)

M - shielding factor

n ~ number of zones

T. - mean temperature of skin (K)

T, = assumed temperature of LH2 (20.4 X)

t - time

The computations of the total heat flux for the two cases were made
for a time period of 13.65 days and, to accentuate the differences be-
tween the two cases, direct sunlight was the only input power considered
for this example. The solar absorptance-to-emittance ratio of the
external surface of the skin was taken to be 1.0; the shielding factor,
10,000, The time interval used in the calculations of the transient

temperatures of the skin was 6.8 minutes.

Figure A-2 shows a graph of the temperatures calculated for zome 2.
The inclusion of thermal mass and azimuthal conductance has negligible
effect except during the time when the zone is shadowed from direct
sunlight. If the other two sources of incident power (reflected sun-
light and infrared radiation emitted from the lunar surface) had been
included, the differences in calculated temperatures between Cases I

and II would be negligible.

Although the temperatures of the skin are different for the two
cases when the zone is shadowed, the heat flux into the cryogenic storage
vessel is nearly the same for both cases because the total heat flux is
almost entirely carried by the flux leaking in from the illuminated side
of the vessel. For the particular situation described, the ratio of the
total heat leaks for the two cases was calculated to be

o
91

= 0.97

where q. is the calculated heat leak to the storage vessel for a
finite skin conductance and thermal mass, and g is the calculated heat
leak when the themal mass and azimuthal conducé%nce of the skin are
neglected. For all practical purposes, the 3% error will not be impor-
tant since the uncertainty in shielding factor alone will result in
larger uncertainties in the computed heat leak.
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We also wish to investigate the validity of the assumption that
the thermal mass of the insulation does not significantly affect the
average heat leak into the cryogenic storage vessel. The behavior
of the insulation during the initial transient will not be considered,
since this depends on the temperature distributions existing during
the transfer orbit. We will, therefore, analyze the periodic behavior
of the insulation, since the storage vessel is expected to remain on
the lunar surface for about one year.

We will characterize the insulation by an effective thermal con-
ductivity K, an effective density , heat capacity c and thickness a.
While the conductivity of typical insulations is a function of temper-
ature, we will use a linear model in order to make the analysis possible.

The temperature, T, of the insulation is determined by the usual
diffusion equation

2
3T 3T
9x

where t is the time
x is the coordinate normal to the insulation, with origin at

the outside skin.

The general periodic solution to Equation 2 is

n n inwt
= T -
T z (Tn e + T-n e ) e + o Ax (3)
n=1
where
Tn’ T-n are Fourier series coefficients determined from the boundary
conditions
- _ /owCp
Yn_/iK
To is the average temperature of the skin
To - TH2
A=
a
T is the temperature of the cryogen, a constant.

H,

The heat flux, q, at the inner wall of the vessel, x = a, is
given by the expression
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T
q = -K [‘g-;('] = -K Z iYn (Tn e n - T e n ) elrIWt - A (4)
a

i t
Clearly the terms with the periodically varying factors elnw will

drop out when the value of q is obtained by averaging q over a period.
Therefore,

q = KA (5)

and thus the average flux to the cryogen is independent of the heat
capacity of the shielding.
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APPENDIX B

SHIELDING FACTOR

In a discussion of evacuated multilayer insulation systems applied
to cryogenic storage vessels it is convenient to define a single para-
meter which can be used to characterize the thermal performance of the
insulation system.

For example, consider the case of a system of '"floating" radiation
shields interposed between an outer skin whose temperature is T_ and a
cryogenic storage vessel whose temperature is Tt’ as shown in tfie follow-
ing sketch.

FLOATING RADIATION SHIELDS
A

’ N\

N 5
: ‘
N

\ \

OUTER SHROUD Wi E /__ STORASELZESSEL

X \
\ N
N

e=1 € e=1
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We assume that the emittance of each shield is ¢4 and that the
outer shroud and storage vessel surfaces have an emittance of unity.
The net rate of heat flow between the outer shroud and the storage
vessel wall for a system of floating radiation shields is given by
the expression

oT 4 -oT 4
a _ s e
A 2n/e_+ 1
s
where g = heat flux (in watts/cmz)
A

= number of floating radiation shields

Es = shield emittance
TS = outer shroud temperature
Tt = gtorage vessel wall temperature

We define a shielding factor u as

uo= 2n/€S +1

For a typical cryogenic insulation system which utilizes a multi-
plicity of low emittance shields the above equation can be approximated
by the expression

For a typical case of 200 shields of emittance €, = 0.04, the
shielding factor is

p = 10,000

In any real system of shields, there is, of course, conduction of
heat between the shields. For multilayer insulation systems, the value
of the shielding factor is experimentally determined by calorimetric
methods (Black et al, 1964). It is found that the shielding factor is
very near the value calculated when conduction is ignored.
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APPENDIX C

WALL TEMPERATURE

We define an adiabatic wall temperature as one where all conductive
heat fluxes are neglected. For purposes of calculating the heat flux

to a highly insulated cryogenic storage tank this method has been treated

by Bonneville (1964).

Consider a unit area of the surface of a highly insulated cryogenic
storage tank to be illuminated by a constant radiative flux, S, and let
the absorptance and emittance of the outer skin be a and € , respect-
ively.

The skin is assumed to be separated from the cryogenic storage
vessel by a multilayer insulation whose effectiveness is characterized
by a shielding factor .

From the heat balance on the outer skin we find the expression

EG’T: ++ ( UTSQ - °T04) = aoS
where
Ts - outer skin temperature
u - insulation shielding factor
T0 - cryogen temperature
S - iﬁcident heat flux

We define the adiabatic wall temperature, Tsa,such that it satis-
fies the equation

5T 4 - uo
sa

S
€

1 4 4
The term = (g Ts - g To ) in the heat balance equation repre-
sents the net rate of heat flow to the cryogen, and if this,term is

small with respect to the flux emitted to outer space ecTS ,we find
that
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We also note that the adiabatic wall temperature is independent of the
magnitudes of the emittance and absorptance.

The error involved in calculating the temperature when the heat flux
to the cryogen is neglected can be easily calculated for a typical cryo-
genic storage vessel where the shielding factor W is a large number and

Tsa4 1
o = I+

Taking a typical value of ¥ = 10,000 and € = 1.0, we find that the
error in the fourth power of the temperature is 0.01%. This is also the
error introduced in the computation of the heat flux to the stored cryo-
gen if the adiabatic temperature instead of the actual skin temperature
is used to calculate the inward heat flux.

The error in the temperature may be calculated by expanding about
the temperature TS.

Let T = T + AT
sa s
Then oT 4 « oT 4 + 40T 3 AT
sa s s
and AT = le T_S
e
For € = 1.0
M = 10,000
_ o
TS = 3977k
we find that
- o
TSa - TS 0.01K

i.e., an error of 0.00257% in absolute temperature.

94 QAvthur M. Little, Ine.




- W T Y

S

Because the shielding factors used in this example are typical of
an insulated vessel on the surface of the moon, the adiabatic wall
temperature can be used in place of the skin temperature in calculat-
ing the boil-off of the cryogen in the vessel.
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